Abstract. The reinforced concrete structures need to be monitored to ensure their structural integrity, but sometimes those measurements are very local and the instrument is complex to locate physically in the structure and may interfere on it. Digital Image Correlation, DIC, is a non-contact and non-destructive experimental technique capable to measure the displacement field in a big region of a structure with a great accuracy. This allows extracting valuable information from the fracture processes of reinforced concrete structures. Critical for the evaluation of the structural integrity. The identification of the energy dissipated by the structure is essential for the identification of the strength mechanisms that are failing in the structure, and to identify a proper repair. In this paper the penetration of a prestress rebar in concrete is measured with this technique and the energy dissipated by different fractures is fully observed. Comparison is made with traditional measurement techniques. Also, using Fracture Mechanics other valuable information is extracted from the fracture processes of the reinforced concrete beam, such as the Mode I and Mixed Mode fracture energy released at each loading step, which is essential to evaluate the elastic energy that the structure can accumulate before collapse. The examples enable to anticipate the importance of DIC for future studies at large scale of fracture in concrete and other materials related to construction.
Introduction
Digital Image Correlation (DIC) is a robust, non-destructive and non-contact experimental technique widely used in the last decades for micromechanical characterization of materials (Chu et al 1985) . It uses images of a surface to measure its local displacements, being the input of DIC a pair of images (i.e. the reference and deformed), which are divided in windows to correlate them and measure its displacements (Pan et al 2009) . The use of this technique was extended, although still is very scarcely employed, to concrete structures in the last years with successful results. The great complexity and size of the concrete elements were a drawback for the use of DIC, but the information that can be extracted with it is essential for the full characterization of the fracture processes of concrete, which has encouraged its application. Thus, among others, in 2006 Küntz et al. applied DIC to measure the stability of a shear crack in a reinforced concrete bridge during loading. In 2012 Lee et al. compared the measurements done with DIC in a reinforced concrete structure with foil and vibrating wire strain gauges. They concluded that DIC is more versatile and as accurate as the others. In 2013 Dutton et al. used DIC to measure the curvature of a reinforced concrete beam of 3.8m long. They did it imaging 2 regions of 600x400 mm were the deflection was calculated. And in 2014 Fayyad and Lees used it to measure the opening of a crack in a notched beam of 0.8m long. This paper will focus on exploring the possibilities of application of DIC as a health monitoring technique for civil structures, mainly motivated by its not contacting and non-destructive nature. The use of DIC to characterize the fracture of a reinforced concrete beam is also very useful to understand the complex fracture processes (Bazant and Planas 1997) and the evolution of the crack behaviour. Its combination with fracture mechanics allows us to extract more characteristics of the fracture processes such as the relationship between Mode I and Mode II and the transition between both. For this the stress intensity factors are used and calculated from the strain field ahead of the crack tip. There are many solutions for this calculation such as the interaction integral technique (Dolbow et al 2002) or the method of Yoneyama el at. In 2007, but in this paper we are using the classical polar equations of the linear elastic fracture mechanics (Shah et al 1995) . In this paper we are able to measure the discontinuity created by a crack, the crack opening along the height of the beam and to characterize a Mode I and a Mixed-Mode fracture. All those aspects, with the Fracture Process Zone (SaucedoMora et al 2012), are the keys to characterize the integrity of the reinforced concrete structures.
In this case the DIC method was applied to a three point bending test in a concrete beam with 4 prestressed rebars and a span of 700 mm and a 250x200 mm section. The concrete has a compressive strength of 75 MPa, and the beam has 4 prestressed longitudinal rebars of a 1670C steel with a diameter of 7.5mm located 2 at 50mm from the top of the beam, and other 2 at 40mm from the bottom. Without any shear reinforcement. The imaged area was 390x260mm located beneath the loading point in the centre of the beam front. The images were taken with a camera Nikon D7200, with a size of 6000x4000 pixels (i.e. 24 Megapixels). Resulting in a pixel size of 0.065 mm. The measurement has an error of 5 µm, measured with an undeformed image displaced with a Rigid Body Movement. After the calculation with the deformed images, the displacement field was corrected for Rigid Body Movements, rotation and out of plane movements. Figure 1 is an example of a DIC treatment of an image at an early stage of the cracking process (i.e. half of the peak load), it shows the relative strain between the loaded and the unloaded beam, without considering its initial prestress strain. At the bottom the crack initiation can be identified as a hot spot in Figure 1a . Also, as expected, there are compressive strains in the top part of the beam. Figure 1b shows the deflection of the beam, measured through DIC at the bottom of the image, and it's comparison with the analytical deformation given by the beam theory. In this case any big discontinuity in the deflection can be clearly identified, as in Figure 4a for higher loads. 
Results
The beam was tested with load/unload cycles with increasing peaks. For higher loads (Figure 2) , the crack grows from the location spotted in Figure 1a at an earlier stage with the DIC analysis. Because the displacement field of the imaged region of the beam is extracted with DIC, this displacement can be magnified (100 times in) to plot the deformed shape of the beam with the strain field superimposed, as in Figure 2 . This amplification shows that the displacements measured are not noisy, producing a homogeneous deformation. Also, applying an arbitrary threshold of 0.1 in the strain, the crack can be identified. Figure 2 shows the strain concentration at the crack tip and the Fracture Process Zone, as well as the regions under compression on the top of the beam. Figure 2 shows the interaction between the Mode I crack originated beneath the loading point, and the compressive region on the top of the beam. As the crack grows from 280 kN to 320 kN the compressed region is displaced from the centre of the beam, growing the crack around this region at 360 kN. In Figure 2 the regions in purple are confined under compression and their displacement to one side of the loading point creates nonsymmetry in the curvature of the beam. Also the displacement of the compressive regions leads to an increment of the shear in the right side of the beam that ends with a shear crack, which will be later introduced.
This analysis allows us to characterize in detail the crack. Figure 3a shows an analysis of the orientation of the maximum principal strain in a 100x100 mm region of the crack zone at 300 kN. Here, because the eigenvectors are scaled with the value of their associated eigenvalue, we can see how the orientation of those vectors defines the fracture path. As well, it can be identified how the strain of the crack decreases as it approaches the crack tip. In the rest of the sample the eigenvectors of the principal maximum strains with low values are not oriented in any preferably direction. It shows the complex elastic deformation of concrete due to the different local stiffness of the aggregates and matrix that conform the microstructure. The regions with higher strains of Figure 3a are not the real strains of the material and are just the derivative of the jump in the x displacement between the crack faces. Only in the elastic regions those strains are the real strains of the material. Extracting the jump between the crack faces along the beam height for different loading steps we can measure the crack opening shown in Figure 3b . In this figure the crack tip was identified as a kink in the small linear elastic deformation that generates the variation of the crack opening plotted in the figure. As the load increases, the tip (in Figure 3b only the open crack is plotted) moves closer to the top of the beam, and the slope of the opening becomes less inclined. The crack opening of Figure 3b is just the jump of the total displacement along the beam. Figure 4a shows the total displacement measured at the bottom of the beam at 260 kN, 280 kN, 320 kN and 360 kN, close to the final load of 490 kN. Figure 4a is the evolution of Figure 2b , remarking the effect of the damage. The main difference introduced by the crack is that in Figure 3b almost all the displacement is given by the y deflection, and in Figure  4a the jump between the crack faces, mainly in x for a Mode I crack, is governing the total movement along the bottom of the beam. Measurements at each load/unload cycle were done with a gauge of 80mm at the left and right of the Mode I crack, showing in Figure 4b the evolution of the residual strains in the beam. This result shows that apart from the main crack, the damage is spread by the rebar around the main crack region. This is a direct effect of the pull out of the rebar from the crack faces and the transfer of stresses between them, which doesn't relax the regions around the crack faces as in the materials without any kind of reinforcement, prestress rebars in this case. The loaded results of Figure 4b are a combination of the elastic deformation and the opening of the microcracks shown during the unload. 70 kN before the final load, at 420 kN, another crack appeared on the right of the Mode I crack previously described. This crack goes from the region with high shear strain at the bottom of the beam to the region on the top confined under compression (Figure 2d ). This crack grows dynamically, appearing with its 85 mm length between 400 kN and 420 kN. As a comparison, the Mode I crack of the center grows 20.1 mm in this gap of 20 kN.
Conclusions
The paper presents the potential applications of the Digital Image Correlation Technique to monitor structural concrete, paving the way for future developments and applications in civil structures. Complex mechanisms that involve damage and the lost of capabilities of the structural element are measured successfully using this technique, with a simple setup. The novelty of the methodology described in this paper is the capability to describe not only the crack location and opening, also the way that the elastic energy is released at each fracture step. Also the non-contact and non-destructive nature of the technique enhances its applicability to structures in extreme environments and locations complex to reach, showing the potentiality of this technique to be used for structural health monitoring.
